Abstract: We numerically demonstrate a metamaterial with both negative ε and negative μ over an overlapping near-infrared wavelength range resulting in a low loss negative-index material. Parametric studies optimizing this negative index are presented. This structure can be easily fabricated with standard semiconductor processing techniques. 
Introduction
Since the experimental demonstration of a negative index material (NIM) in the microwave region [1] and the discussion of the potential application of NIM as a lens beyond the diffraction limit [2] , much effort has been put into investigating negative-index metamaterials in the near-infrared (NIR) and visible wavelength regions where simple scaling of the structures used for RF NIMs is difficult [3, 4] . Recently, several experiments have demonstrated a negative permeability in the THz and mid-infrared regions [5] [6] [7] .
To obtain negative refraction, both magnetic and electric responses (permeability and permittivity) need to be controlled over an overlapping wavelength range. Two recent reports have demonstrated the fabrication and characterization of a NIR negative refractive index material [8, 9] . In Ref.
[8], the negative index material consists of a pair of gold films separated by a dielectric layer with a two-dimensional, square-periodic array of circular holes perforating the entire multilayer structure. The magnetic resonance between the two gold films along with the electric response of the gold film to the external electrical field results in the negative refraction for propagation normal to the films. The negative refractive index was obtained at a wavelength around 2 μm; the real part is as negative as -2 and the imaginary part is about +3. The imaginary part of the index being larger than the real part indicates significant loss, which is also the case for reference [9] .
The refractive index is expressed in terms of the real and imaginary parts of the permittivity and permeability as
, where ε = ε 1 +iε 2 and μ = μ 1 +iμ 2 . To achieve a negative n 1 , the imaginary part inside the square root needs to be < 0, which can be satisfied for a sufficiently large imaginary term without requiring both ε 1 and μ 1 to be negative. In Ref. [8] , at the wavelength with negative index, ε 1 is negative and large, ε 1 >>ε 2 , giving,
. Around the magnetic resonance, μ 2 > 0, which indicates that the real part of n is negative even if μ 1 > 0. However, the sign of μ 1 determines the relative magnitudes of the imaginary and real parts of the refractive index, with n 1 > n 2 for μ 1 < 0, and the opposite for μ 1 < 0. Thus, to achieve a negative index with a small imaginary part of the index, a negative permeability is required. In this paper, we numerically study a structure similar to that in Ref.
[8] and demonstrate that a NIR negative index material can be achieved with both negative ε 1 and μ 1 , and thus a reduced loss. 
Proposed structure and simulation method
Figure 1(a) shows the schematic of the staple structure exhibiting negative permeability demonstrated in Ref. [7] . This structure is a L-C circuit with an inductance associated with both the loop and the electron inertia, and a capacitance formed by the staple footings. A simplified, higher-frequency version of the staple structure is just a pair of finite-width metal stripes parallel to the direction of magnetic field separated by a dielectric layer (e.g. distributed inductance/capacitance), as shown in Fig.1 (b) . It is well known that an array of thin metallic wires along the direction of electrical field can introduce a negative ε [ Fig. 1(c) ], combining the structures in Figs. 1(b) and 1(c) results in a negative index material with both magnetic and electric responses. A question is to how the incorporation of the thin wires affects the resonance of magnetic structure; this will be studied below by comparing the optical properties of structure shown in Fig. 1 (d) (with thin metal wires along the electric field direction) with that in Fig. 1 (b) (without the metal wires). Rigorous coupled-wave analysis (RCWA), a commonly used algorithm to calculate the transmission and reflection of periodic structures, was used for the simulations [10, 11] . For all of the calculations, the incident light is normal to the surface and both the incident and outgoing media are air. Multiple diffraction orders (19) are kept in both directions, which is sufficient to converge very well for all of the simulated structures. The results of the RCWA simulation and the experiment are found to be in very good agreement for a similar structure in Ref. [8] . The geometrical parameters of the structure are indicated in the top view shown in Fig. 2 . The pitches of the 2D gratings a x and a y are both fixed to 801 nm, less than the resonance wavelength of about 2 μm. The refractive index of the dielectric layer between the gold films is taken to be 1.5. The thicknesses of the Au/dielectric/Au layers are fixed at 30/60/30 nm, respectively. We systematically vary the linewidth of the gratings d x and d y in the simulation to study the magnetic and electric response of the structure. After the complex coefficients of transmission and reflection are obtained by RCWA, the effective refractive index and impedance can be extracted following the methods in Ref. [12, 13] .
For propagation in the vertical direction (z), the use of an effective-medium model is justified [14] in the presence of a periodic structure in the x-y plane with scales comparable to the wavelength. In our evaluations, the period of 801 nm is significantly smaller than the resonance wavelength of 2 μm. The present calculations are for a single three-layer structure and the dimension of the metamaterial in the z-direction is just the physical thickness of the three layers. In future work, this will be extended to thicker, more complex structures.
Simulation results for bulk gold parameters
We first investigate the magnetic resonant structure shown in Fig. 1(b) Bulk gold dispersion parameters were used in the simulation [15] . As shown in Fig. 3 , the resonance wavelength increases with the linewidth of Au gratings. This trend can be qualitatively explained by tracking the resonance of an equivalent L-C circuit; a wider grating corresponds to larger inductance and capacitance, which in turn leads to a larger resonance wavelength. As shown in the inset of Fig. 3 , the resonance wavelength is linearly dependent on the Au linewidth d x . An Au linewidth of 500 nm (d x ) was used in the simulation of the 2D negative index structures. The linewidth of the Au gratings along the direction of electric field d y was varied from 100-to 500-nm and transmission and reflection were calculated. Fig. 4 shows the simulated transmission spectra. With an increase of d y , the resonance shifts to shorter wavelength, indicating an interaction between the electric and magnetic structures. The transmission decreases (reflection increases) as d y becomes larger, due to metal polarizer effects. When d y is small, the resonance is characterized by dip in the transmission, for increasing d y a peak is clearly formed. The transmission phase exhibits a dip around the resonance, indicating that the light is advanced in phase at the resonance, characteristic of a negative index material. Using the transmission and reflection simulations, the effective refractive index and impedance can be extracted as shown in Fig. 5(a) . The bandwidth of the negative refraction roughly matches the bandwidth of phase dip in Fig. 4 . For different d y parameters, the minimum values of the real part of the refractive index range from about -4 to -6, initially increasing with linewidth, peaking at d y =300 nm, and then decreasing. From Figs. 4 and 5(a), for the sample with d y = 100 nm, over 80% transmission is obtained over the negative index wavelength range, while for the sample with the largest d y , only < 10% of the light is transmitted. The impedance of the structure, shown in Fig. 5(b) , explains the high transmission for small d y ; the real part of the impedance is closer to the condition for impedance matching (~ 1). Fig. 4 is followed. Figure 6 shows another interesting parameter, the ratio of the real and imaginary parts of n, which is a good indicator of the "quality" of the negative refraction. For thin metal lines along the electric field, the ratio is ~6, as d y is increased, this quantity is shifted and reduced.
After both the effective refractive index and the impedance, ζ, are extracted, the effective permeability μ and permittivity ε can be simply calculated as μ =nζ and ε=n/ζ, the real parts of which are shown in Fig.7 . The maximum negative permeability decreases with the increase of the line width, which is due in part to the shrinking fill factor of the magnetic resonant structure; the absolute value of the effective permittivity increases with line width as the screening by the metal lines increases. The increasing -ε compensates the decreasing -μ, explaining the comparative stability of the maximum of -n. However, the impedance of the metamaterial is more mismatched to that of air with increasing d y leading to a much smaller transmission.
From Figs. 5 and 7, the effective permeability of the sample with the largest d y is barely negative over the range of negative refraction. This is very similar to the case in reference [8] ; the negative refraction is mainly due to the real part of the permittivity and the imaginary part of the permeability. This is a high loss structure. For the sample with d y =100 nm, over most of the range of negative refraction, both the real part of permeability and permittivity are negative, thus a double negative material with a dramatically lower loss is realized. Next, we show that a simple Lorentz model nicely fits the simulation. In the Lorentz model, the permeability is expressed as [13, 16] :
here f is a fill factor and μ ∞ is the effective permeability for wavelengths far above the resonance. As shown in Ref.
[17], a 2D array of holes in a metallic film μ ∞ ≠ 0, thus this parameter is estimated from the simulation results, and found to be around 0.6 for all the d y parameters. As an example, in Fig. 9 we show the excellent fit of to the simulated permeability for d y =100 nm, which has the strongest magnetic resonance. Table 1 
Simulation with varying Au scattering loss
For the above simulation, bulk gold parameters are used. However, the electronic scattering parameter in thin Au films deposited by metal evaporation is typically larger than that of bulk gold. Here, we show that for the structures with thin metal wires along the electric field, even with the higher Au scattering frequency (~ 3×) found in previous experiments [8], simultaneous negative permittivity and permeability are still obtained.
In this section, we will fix the geometry of the structure, with d x =500 nm and d y =100 nm, and change the scattering loss of the Au film to 1-, 2-and 3-times that of bulk Au. Figure 9 (a) shows the real and imaginary parts of the effective index for the three different Au scattering parameters. On the short wavelength side of the resonance, which has the smaller imaginary part, the real part of the index decreases and the imaginary part increases. We plot again the quality factor, the ratio of the (-n 1 ) to n 2 , in Fig. 9(b) . The extremum of the ratio occurs at the same wavelength for the three scattering parameters, dropping from 6 to 2 as the scattering loss trebles. Nonetheless, for a considerable wavelength range, the ratio is larger than one.
Finally, the effective permeability and permittivity are extracted and shown in Fig. 10 . Clearly, the impact of the scattering loss is mainly on the permeability, while the permittivity is only slightly effected. The range over which both the permeability and permittivity are negative corresponds to the negative refraction region in Fig. 9 .
Summary
Following up the experimental work that has fabricated a negative index material in the near-IR [8] , this paper systematically studies the effects of varying the geometry and scattering loss of the metal on the negative-index optical properties. The simulation results demonstrate that the NIM structure can be improved to exhibit simultaneous negative permeability and negative permittivity, i.e. to a double-negative material. In contrast to the work in Refs. [8, 9] , the improved structure has a much lower loss, much better impedance matching, and thus a much higher transmission, which will lead to more extensive applications. Furthermore, the proposed structure has a minimum feature size of ~ 100 nm, and can be easily fabricated over a large-area sample by standard optical interferometric lithography techniques [18] . 
